Raw" chicken feathers directly from a processing plant were washed with detergent and dried. Cleaned feathers were mechanically worked to separate fibrous material from the quills and ultimately classified into two components: a fibrous material suitable for further textile processing, and a residue containing large feathers and pieces of quill. The chicken feather fiber was blended with binder fiber (sheath/core construction) and made into nonwoven batting. The battings show effective insulating properties when compared with other battings made from goose down and polyester fiber.
Introduction
Feather products from waterfowl have historic applications in bedding and in some outerwear for cold climates. The current use for chicken feathers recovered from processing plants is as a protein food source. The feather protein after processing is worth about $0.25 per pound. Most fibers have considerably more value, typically at from $0.50 to $2.00 [1, 2, 3] . If parts of the feathers can be used as textile fibers, the value of the feathers might be considerably enhanced. Given the "tree-like" structure of the fiber-sized structural units in a feather, one would anticipate that the feathers would have potential applications in insulation, filtration and absorbent materials. We have examined ways of separating the fiber from quills and making nonwoven battings from the fiber. Nonwoven battings made primarily of feather fiber have been examined for their effectiveness as insulating materials and the results have been compared to battings made from goose down and some man-made fibers. The chicken feathers used in the experiments were collected from the poultry processing pilot plant at Auburn University [1] . The feathers were washed with detergent in a cloth bag in a home washing machine. Drying was in a home dryer on moderate heat. Air classification and severe mechanical action were used to separate individual barbs from large quills to produce a feather fiber with moderate length and numerous short branches ( Figures 1[4 
], 2 and 3).
As a control procedure to determine the best fiber that could be expected from feathers, some barbs were removed from feathers with small scissors and razor blades. Fibers so removed are called cut-off fibers. We particularly selected larger feathers with long branches (barbs) to produce the cut-off fibers. The barbs were cut close to the quill and collected for further evaluation in textiles.
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The severe mechanical action necessary to separate quill from barbs was provided most successfully by either a Spinlab, opener/blender or a paper shredder modified to accept and deliver feathers. In both cases, air classification was required to eliminate segments of quill and obtain a reasonable fiber for further use. Air classification was done using a screen-bottomed box containing an outlet at the top, which was attached to a vacuum enclosure containing a condensing screen and a vacuum source (Figures 4 and 5 ).
Figure 4 CLASSIFIER
Figure 5 VACUUM BOX
Initially the classifier was used to separate the mixture of large and small feathers. The low-density fraction (small feather) was treated through the opener/blender to mechanically pull fiber from quill. Subsequently the mixture was classified into feather fiber and a denser residue, a mixture of quills and fiber. The dense fraction can be processed through the opener/blender several times followed by classification into fiber and dense material. The size of the chicken feather that is separated in the classifier depends on the stirring and airflow within the separator, both of which are adjustable. In general, the separating process was repeated several times to recover a good quality fiber.
A second method for obtaining feather fiber was to shred the small feathers through a paper shredder and then to classify the product to separate fiber from quill.
Properties of chicken feather fiber, compared to down and polyester
In order to measure properties of chicken feather fiber, a small mass of fiber was "sifted" into a 6-inch cube box constructed of foam board. The exact weight of each fiber was measured but varies, because fiber volume was controlled to fill the box about half full. The box was shaken 10-15 times to fluff and separate the fibers. The height of the fiber in the box was measured with a ruler mounted on the inside wall of the box. A foam board cut to fit just inside the box (5.94 x 5.94, weight = 16 g) was laid on the fiber. The height of the fiber was measured again. A 20-gram and then another 10-gram load was added on the foam board, then the height was read each time. When all the loads and foam board were removed from the box, the fiber would tend to recover to its original position and the height was measured again. At each step -after putting the various loads on the fiber, or removing them -a uniform time, five minutes, was allowed to permit the system to come to equilibrium before measuring the height.
The filling power (specific volume), density, compression and recovery were calculated. Filling power is the amount of space a given weight of down or fibers will occupy under a standard pressure. Generally speaking, the larger the filling power, the better the thermal insulating quality of the down or fiber. Compression is the fractional reduction in volume when compressive load is applied. Recovery or resilience is the degree to which a fiber or batting tends to return to its original size and shape after deformation. Recovery was calculated as a percent of the compression and the calculation was performed only for the highest level of compression.
Filling power = HWL
Where H = the height of the fiber in the box (in.) W = the width of the box (6 in.) L = the length of the box (6 in.) w = the weight of the fiber (oz)
(2) The units in formula (2) are different from formula (1) . The unit of w is pound, not ounce, and H, W, and L are in feet. This gives density in the more customary unit (lb./ft 3 ). Specific volume, the same as filling power, but the units are different, expressed in cubic feet per pound.
Where V 1 = the original volume of fiber (uncompressed) V 2 = the volume of fiber under certain load, and V 3 = the volume of fiber with load removed
The preparation and testing of nonwoven batting
Materials used for batting formation included: Chicken feather fiber -the final product from the feather separation a.
Down #2 with filling power 750 and Down #4 with filling power 550 b.
Polyester fiber (1.5 d, 2.5 inch) c.
Small chicken feathers collected from the vacuum box after the first separation. d.
Chicken feather fiber from USDA (Processing unknown) e.
Celbond ® (Type254) bicomponent bonding fiber (Celbond¨ is the name of the family of bicomponent fibers from Hoechst Celanese.) f.
Celbond ® 254 fiber consists of a polyester core surrounded by a low-melting polyester sheath, which melts at 110 o C. After exposure to heat, the sheath is designed to stick to adjacent fibers, thereby adding cohesiveness and strength to the final product. The Celbond ® fiber used in these highloft products is 4-denier, 2-inch Type 254 staple, which has tenacity and elongation of 3.5 grams/denier and 55% respectively.
A quantity of feather fiber or other insulation fiber was weighed. Sufficient binder fiber was also weighed to make either 20% or 40% composition. Bonding fiber was opened in a Spinlab opener/blender twice and then feather was added to the bonding fiber for two additional passes through the opener/blender. After the last pass, the blend was passed directly to the screen of vacuum box and a blended fiber batting was thus formed. The fiber batting was lifted carefully from the vacuum box and placed into a forced convection oven at 160 o C for 15 minutes to allow the bonding fiber to bond the batting. The batting was removed from the oven for subsequent testing.
Fibers and batting samples were tested for thermal conductivity at a variety of compressions in a Holometrix K-Matic7 K50/K75 guarded hotplate apparatus. Thermal conductivity, or K-factor, is used to evaluate thermal insulating properties. The design of the K-Matic is in agreement with ASTM Test Method C518 [5] . Heat flows when a temperature gradient exists in a material. The thermal conductivity is determined by measuring the amount of heat flowing through a measured thickness of sample material, which has a known temperature gradient. The Fourier linear heat flow equation is used to calculate thermal conductivity under steady-state conditions:
Where K = thermal conductivity (BTU in/hr ft 2 degF) = heat flux (BTU/hr ft 2 ) T = temperature difference across distance x (degF) x = measured distance between measured temperatures (in.)
In these experiments, the K-factor of small chicken feather and chicken feather fiber was measured at various densities and was compared with the K-factor of goose down and polyester. The instrument is calibrated using a bonded fiberglass standard at the start of each series of tests.
Loose fiber or feather was tested by use of a flexible foam box having a thin nonwoven sheet bottom and an open top. A weighed fiber sample is placed into the foam box on top of the thin nonwoven fabric and then placed in the instrument. The thickness was changed from 2 inch to 0.5 inch in increments of 0.5 inch. K-value was read after each adjustment in thickness. Bonded nonwoven battings were tested in the same manner as fiber but without the foam box. As the foam box edges are well outside of the transducer area, and as the nonwoven sheet is thin, the effect on the results are expected to be minimal. This was confirmed by testing polyester batting with and without foam box at 2-inch thickness. The results show that K-value is 0.375 with the foam box and 0.377 without foam box. Result and Discussion 1. The size and mechanical properties of chicken feather fiber Chicken feathers collected from the various parts of their bodies are much different. Size, alone, often has a very wide range. Two different ways of separating quill material from that which is more fibrous were evaluated. The classifier coupled with the Spinlab was better than the classifier coupled with the shredder. The first method produced more fibers (15% feather fiber obtained from this process); there were fewer small pieces of feather and quill. The second method might be easier than first method because only one device was used. This process recovered 13% feather fiber, but the feather fiber was often cut into small pieces and still had some quill attached. No attempt was made to maximize fiber yield. Table 1 shows the diameter, and tensile strength of barbs. The range of the barb strength was very large. That might be because the barbs came from the different sized chicken feathers. The barbs from big feathers were stronger and much stiffer. The barbs from small feathers were softer and weaker.
The samples with * sign means that the breaking load on the sample was over 50 grams, which was the upper limit of the load cell in this test. The breaking stress of feather fiber was estimated to be in the range of 0.1 to 2 gram/denier. The irregular shape of barbs and the possibility of internal voids degrade the accuracy of the calculation of breaking stress. Table 2 shows the density properties of loose fibers, down and battings made from them. Goose down has the lowest density and highest filling power, so it can trap the largest amount of air and should be expected to be That might be because the sample prepared from USDA appears to have more quill fragments remaining in the fiber than the feather fiber prepared at Auburn, a factor that would also produce a higher density. As expected, battings made from these raw materials have same order for their density. Battings made from down have the least density, chicken feather fibers are somewhat greater than the polyester, and battings made from USDA prepared chicken feather has highest density.
The compression and recovery properties of feathers and battings made from feathers
(Please note: Figures 6-14 are hyperlinks to larger versions of the same figure, to select the larger version, click on the small figure's image. Return using the "back" button on your web browser) Figure 6 shows the compression of different parts of feathers, goose down and polyester. The chicken feather fiber is more resistant to compression than the more fluffy goose down and less than the polyester. When compressive load was removed, the feather or fiber would tend to recover back toward their original thickness. The more resilient, the more recovery. Battings were made of down, feather fiber and polyester with 20% or 40% binder fiber. Battings were thermal bonded at 160oC about 15 min. Figures 7 and 8 show the compression of different battings with 20% and 40% bonding fiber respectively. Battings are more difficult to compress than loose fiber. Table 3 shows the recovery of the different feathers, fibers and battings. The removal of feather from the quill, whatever the procedure, produces a fiber with a greater degree of packing (higher density) and less ability to recover. Bonded batting universally has better recovery than unbonded batting. 3. Thermal insulating property of different feathers, fibers and battings made from them Thermal insulating battings are used to prevent rapid flow of heat, which can occur by conduction, convection, and radiation. Heat transfer from one side of the battings to the another side is a complex phenomenon affected by numerous factors such as density of the battings, quantity of entrapped air, moisture content and transport, and the motion of the included air. Figures 9-14 provide results of the thermal conductivity testing. Figures 9, 11 and 12 show K as a function of density. Data from this study is similar in form and magnitude to previous work in this laboratory [6] . Figures 10, 13, 14 show the K value as a function of specific volume -a presentation that makes the various materials easier to distinguish and evaluate. Figures 9 and 10 show down has the best thermal insulation properties and the small feather produced the poorest insulation. It is of note that regardless of the preparation procedure, the chicken feather fiber has the same insulating value when compared at the same density. Small feathers, which have not been subjected to mechanical action to separate fiber and quill, have poorer insulating value. Figures 9-14 show that the results are basically in the same order whether the fibers are loose or are made into batting. The binder fiber content has a small effect on the K value.
Conclusions
The feather fiber tested in bulk or in bonded batting form appear to be an effective insulating material -not as good as real down, but as good as, or slightly better, than synthetic materials. The best fiber for textile applications is produced if chopping into short segments can be avoided. The shorter the fiber fragments, the more dense the nonwoven batting produced and the poorer the insulating properties. The content of bonding fiber does not significantly affect the thermal property, but it does improve the resistance to compression and resilience of feather fiber battings. At this point in time, a proven commercial viable process for producing feather fiber is not available. There is significant commercial interest in such a process, however [7] .
